Starting from anionic tetrazole-based ligands, namely 5-(4'-cyanophenyl)tetrazolate and 5-(4'-pyridyl)tetrazolate, mononuclear and dinuclear complexes of fac- [Re(CO) 
Introduction
The photophysical properties of Re complexes have attracted considerable interest stemming from their potential application in a variety of fields, including optical displays, sensors, catalysis, molecular electronics, and biological labelling. [1] [2] [3] [4] [5] [6] [7] [8] [9] The most investigated Re complexes are the Re(I) tricarbonyl type with the general formulation fac-[Re(CO) 3 (diim)(L)] 0/+ , where diim is a diimine ligand [e.g 1,10-phenathroline (phen)] and L a neutral or anionic monodentate ancillary ligand [e.g. pyridine (py)]. 1 The emission of these complexes is ascribed to the phosphorescent decay from the lowest-energy triplet excited state, which has generally a metal-to-ligand charge transfer character ( 3 MLCT). [10] [11] [12] Modulation of the HOMO-LUMO gap is achieved through chemical changes in either the diim ligand, thus directly affecting the LUMO orbital, and/or the ancillary ligand L, with a consequent indirect shift of the HOMO orbital. 1, 13, 14 Studies on a large library of Re(I) complexes have shown that the photophysical properties follow the trend dictated by the energy gap law, 15 hence cationic fac-
[Re(CO) 3 (diim)(L)] + complexes exhibit blue-shifted emissions, longer excited state lifetimes (τ) and increased quantum yields (Φ) with respect to their neutral analogues. 1 While a vast number of luminescent Re(I) complexes have been reported to date, the investigation of monometallic dinuclear or multinuclear Re(I) complexes seems in comparison more limited. 1, 7, [16] [17] [18] [19] [20] [21] [22] [23] Asides from some dinuclear Re complexes bound to, for example, substituted pyridazine or 4,4'-bipyridine ligands, [24] [25] [26] [27] the photophysical properties of multinuclear assemblies of bridged fac-[Re(CO) 3 (diim)] + are sometimes inferior to the corresponding mononuclear complexes. This trend has been assigned to enhanced non-radiative pathways favored by vibrational deactivation due to an increased molecular complexity. 1 Studies of multinuclear complexes where the Re centers are non-equivalent are even rarer. In some examples, Meyer and co-workers synthesized a series of dinuclear Re complexes bridged by a variety of 4,4'-bipyridine ligands. 25, 28 In those cases, the non-equivalent nature of the two Re complexes was achieved by the use of differently substituted 2,2'-bipyridyne ligands bound to the Re centers. The addition of electron-donating or electron-withdrawing substituents resulted in the destabilization or stabilization of the LUMO level, hence increasing or decreasing the relative energy of the MLCT transition, respectively. By combining cyclic voltammetry, electronic spectroscopy and transient detection, it was demonstrated that in such dinuclear complexes the two metal centers undergo electronic coupling via energy transfer. The energy transfer was found to be mediated by electron transfer, the latter being favored by the presence of a bridging ligand with an accessible π* delocalized system. 28 To the best of our knowledge, no example has been reported of dinuclear rhenium complexes, bridged by π conjugated ligands, where the non-equivalence of the two emissive rhenium centers originates from the direct modulation of the HOMO levels. Following our recent work on mononuclear Re(I) tetrazolato complexes, 29, 30 we have extended the investigation to dinuclear Re(I) complexes bridged by the tetrazolato ligands 5-(4'-cyanophenyl)tetrazolate (1 - ) and 5-(4'-pyridyl)tetrazolate (2 - ). Our focus is to achieve bridged dinuclear Re(I) complexes where the two metal centers are electronically non-equivalent, e.g. one neutral complex bound to the anionic tetrazolato ring and the other cationic complex bound to either the nitrile or pyridine group. While the dinuclear complex bridged by 5-(4'-pyridyl)tetrazolate could be obtained, in the case of 5-(4'-cyanophenyl)tetrazolate the desired complex was not formed and instead an unprecedented doubly coordinated tetrazole was obtained. To gain insight into the photophysical and electrochemical properties of the dinuclear complexes, we have also attempted to synthesise the corresponding four mononuclear model complexes, where the rhenium fragments are coordinated to the tetrazole ring in both 5-(4'-cyanophenyl)tetrazolate and 5-(4'-pyridyl)tetrazolate, thus forming neutral mononuclear complexes, or to the nitrile and pyridine substituents, thus forming cationic mononuclear complexes.
Results and Discussion

Synthesis of the tetrazole ligands and the Re complexes. The synthesis of the tetrazole-based ligands 1H
and 2H was achieved by 1,3-dipolar cycloaddition of NaN 3 to the corresponding nitrile-containing substrates according to a previously reported methodology. 31 To prepare the neutral rhenium complexes [Re1] and [Re2]
( Figure 1 ), the halogenated precursor fac-[Re(CO) 3 (phen)Cl] 11 was directly treated with the corresponding tetrazole ligand and triethylamine in refluxing acetonitrile. Compared to the previously published procedure using solvato or triflato rhenium precursors, 30, 32 this one-step protocol avoids the use of light sensitive silver salts to remove the chloro ligand from the rhenium center and, more importantly, the starting fac-[Re(CO) 3 (phen)Cl] complex can be readily recovered in the purification step and recycled for further syntheses.
The synthesis of the cationic mononuclear rhenium complexes required the preparation of the N2-alkylated version of the 1H and 2H ligands ( Figure 2 followed by exchange of the labile THF molecule with the ligand 3 or 4 ( Figure 2 ). In the case of the ligand 3, the spectroscopic data suggests that the nitrile group coordinates to the rhenium center, as witnessed by the shift to higher wavenumbers that is displayed by the CN group upon coordination, from 2230 to 2263 cm -1 . 34 However, the coordination of the nitrile group was found to be rather labile and its dissociation was monitored by 1 H-NMR (see Supporting Information, Figure S1 ). 
Spectroscopic characterization.
All the complexes show characteristic carbonyl stretching bands as expected from the local C S point group, e.g. the totally symmetric in-phase stretching A´(1), the totally symmetric out-of-phase stretching A´ (2) , and the asymmetric stretching A´´. [38] [39] [40] [41] The values of the recorded frequencies are summarized in Table 1 . The relative frequencies of the bands, especially in the case of the A´ (1) (see below). [a] The A´(2) and A´´ modes are superimposed into a single broad band.
A summary of the NMR data including H ortho , H meta , and C5 (see Experimental Section for the assignment of the peaks) is reported in Table 2 . The NMR spectra readily confirm the proposed structures of the mononuclear complexes [Re1] and [Re2] in agreement with the X-ray diffraction data (see below). In the 13 C-NMR, the δ value of the tetrazolic C5 atom between 161 and 160 ppm indicates co-planarity between the two rings in the ligand and hence confirms the regioselective complexation of the tetrazole ring at the N2 position. [42] [43] [44] [45] [46] The same argument can be used in the case of [Re4]PF 6 to demonstrate the coordination of the rhenium fragment to the pyridine N atom.
The NMR data for the dinuclear [Re 2 1]PF 6 evidenced that the species exists in solution as an equilibrium of "tautomers", where the rhenium fragment coordinates to the N1 and N2 atoms of the tetrazole ring as schematized in Figure 4 . On the other hand, no equilibrium was present in the NMR data of [Re2Re]PF 6 , in support to the coordination of one rhenium center to the N2 atom of the tetrazole ring with the second rhenium fragment bound to the pyridine N atom. See Supporting Information and Figure S2 for the detailed NMR studies of the two dinuclear complexes. [a] The signal could not be observed due to very weak intensity. [a] The synthesis and photophysical properties of this complex are described elsewhere. 30 [b] The value corresponds to the position of the peaks instead of the half-wave potential, as the back peaks cannot be precisely located.
Electrochemical properties. The electrochemical behaviour of the complexes was investigated using cyclic voltammetry (CV), and a summary of the data is reported in Table 3 . Two more complexes, fac- center. Both the reduction and oxidation processes appear to be diffusion controlled, since a plot of peak current against the square root of scan rate was linear over a range of 5 to 1000 mVs -1 (plots not shown). The peak-to-peak separations of R1/R1' and O1/O1' are typically 80-100 mV, consistent with a kinetically fast electrochemical step.
This separation is comparable to the separation of the Fc/Fc + redox couple (90 mV), which is known to have relatively fast kinetics in RTILs, but larger than the 60 mV expected for fast, one-electron processes in traditional solvents, 48 due to different contributions from double layer effects in ionic liquids. 49, 50 The second metal-centered oxidation O2/O2' has quasi-reversible kinetics with a peak-to-peak separation of ~160-250 mV. The redox couple R1/R1' appears to be fully chemically reversible in [C 6 mim][FAP], but O1/O1' shows some degree of chemical irreversibility due to the smaller sized reverse peak, suggesting some degree of follow-up chemistry, but this appears to be relatively slow on the voltammetric timescale. Photophysical properties. A summary of the photophysical data is provided in Table 4 and all the absorption, excitation and emission profiles recorded from diluted dichloromethane solutions (ca. 10 -5 M) are available in the Supplementary Information (see Figures SI6-10 ). The steady state absorption profiles are similar for all the prepared complexes, with differences arising from the specific nature of each complex. In general, the absorption profiles show a higher energy intense band in the 250-300 nm region tailing off into a lower energy band in the 300-450 nm region. The higher energy band is attributed to intraligand (IL) ππ* transitions localized on the phen and tetrazolic ligands. 11 On the other hand, the lower energy band is attributed to the spin allowed metal-to-ligand charge transfer (MLCT) involving the rhenium center and the coordinated aromatic ligands with accessible π* orbitals.
11
The absorption profiles for [Re1] and [Re2] are virtually identical, showing typical structureless charge transfer (CT) bands. In this case, the transition is rationalized as an admixture of metal-to-ligand and ligand-toligand CT, the latter involving the promotion of an electron from the tetrazole ring to the π* of the phen ligand.
This effect is analogous to previously studied rhenium tetrazolato complexes and the transition is better described as a metal-ligand-to-ligand charge transfer (MLLCT).
30,51
The absorption spectrum of the cationic complex [Re4]PF 6 shows an intense IL transition at 257 nm, followed by two shoulders in the 300-400 nm region. The presence of these two bands was ascribed to two distinct and [Re4]PF 6 , the lowest excited state would seem to be located on the Re center coordinated to the tetrazole ring.
However, it cannot be excluded that the coordination of a rhenium center on the tetrazole ring, as compared to an alkyl group in [Re4]PF 6 , favors a partial redistribution of charge leading to a shortening of the HOMO-LUMO gap for the Re coordinated to the py ring.
For all the complexes, the emission maxima at 77 K in a frozen matrix appear blue-shifted with respect to the values obtained at room temperature. The behaviour can be explained with the rigidochromic effect, which is responsible for raising the energy of the emissive 3 M(L)LCT due to the lack of solvent reorganisation following excitation. 52 The emissive bands also show the appearance of partial vibronic coupling features, indicating some degree of mixing between 3 IL and 3 M(L)LCT states. 1 The excited state lifetime values are significantly elongated in the frozen matrix at 77 K due to suppression of vibrational deactivation to the ground state. Computational calculations. To validate the interpretation of the photophysical data the energetics and absorption spectra of the complexes were simulated with time-dependent density functional theory (TDDFT), using Gaussian 09. 53 While the transitions below 300 nm are well understood and assigned to IL transitions, TDDFT calculations can be effectively used to help the interpretation of the M(L)LCT transitions. The overall appearance of the simulated spectra and orbital localization (see Supplementary Information Figures S11-19 ) is generally in good agreement with the experimental results, although a quantitative analysis reveals differences in the precise position of the peaks relative to the experimental data. This is especially noted in the [Re2] complex, for which some of the CT transitions seem to be red-shifted compared to the experimental results. These inconsistencies were explained by taking into account the limitations in the exchange-correlation description as well as the approximate nature of the implicit solvent model, 54 which is used to describe the molecules of dichloromethane surrounding the complexes. transfer.
Conclusions
The coordination of rhenium fragments of the type fac-[Re(CO) 3 was distilled over sodium/benzophenone according to general laboratory procedures. All procedures involving rhenium complexes were carried out under a nitrogen atmosphere using standard Schlenk techniques. Both the acidic and basic alumina for column chromatography were of Brockmann I activity unless otherwise specified. Infrared spectra were recorded in the solid state, using an attenuated total reflectance Perkin Elmer Spectrum 100
FT-IR with a diamond stage. Compounds were scanned from 4000 to 650 cm -1 . The intensities of the IR bands are reported as strong (s), medium (m), or weak (w), with broad (br) bands also specified. Melting points were determined using a BI Barnsted Electrothermal 9100 apparatus and are reported uncorrected. Elemental analyses were obtained at the Central Science Laboratory, University of Tasmania, using a Thermo Finnigan EA 1112
Series Flash.
Photophysical measurements. Absorption spectra were recorded at room temperature using a Perkin Elmer Lambda 35 UV/Vis spectrometer. Uncorrected steady state emission and excitation spectra were recorded on an Edinburgh FLSP920 spectrometer equipped with a 450 W Xenon arc lamp, double excitation and single emission monochromators and a peltier cooled Hamamatsu R928P photomultiplier tube (185-850 nm). Emission and excitation spectra were corrected for source intensity (lamp and grating) and emission spectral response (detector and grating) by a calibration curve supplied with the instrument. According to the approach described by Demas and Crosby, 56 luminescence quantum yields (Φ em ) were measured in optically dilute solutions (O.D. < 0.1 at excitation wavelength) obtained from absorption spectra on a wavelength scale [nm] and compared to the reference emitter by the following equation:
where A is the absorbance at the excitation wavelength (), I is the intensity of the excitation light at the excitation wavelength (), n is the refractive index of the solvent, D is the integrated intensity of the luminescence and Φ is the quantum yield. The subscripts r and x refer to the reference and the sample, respectively. The quantum yield determinations were performed at identical excitation wavelength for the sample and the reference, therefore cancelling the I( r )/I( x ) term in the equation. All the Re complexes were measured against an air-equilibrated water solution of Ru(bpy) 3 Cl 2 used as reference (Φ r = 0.028). 57 Emission lifetimes () were determined with the single photon counting technique (TCSPC) with the same Edinburgh FLSP920 spectrometer using pulsed picosecond LEDs (EPLED 295 or EPLED 360, FHWM <800 ps) as the excitation source, with repetition rates between 10 kHz and 1 MHz, and the above-mentioned R928P PMT as detector. The goodness of fit was assessed by minimizing the reduced  2 function and by visual inspection of the weighted residuals. To record the 77 K luminescence spectra, the samples were put in quartz tubes (2 mm diameter) and inserted in a special quartz dewar filled up with liquid nitrogen. The solvent (dichloromethane) used in the preparation of the solutions for the photophysical investigations were of spectrometric grade. All the prepared solutions were filtered through a 0.2 m syringe filter before measurement. Degassed solutions were prepared by the freeze-pump-thaw technique.
Experimental uncertainties are estimated to be ±8% for lifetime determinations, ±20% for quantum yields, ±2 nm and ±5 nm for absorption and emission peaks, respectively.
Electrochemical measurements.
A gold microelectrode (made in house and kindly donated by the group of Professor Richard Compton at Oxford University, UK) was polished and modified with a section of disposable micropipette tip into which microlitre quantities of the ionic liquid solvent can be placed. The electrode was then inserted into a "T-cell" apparatus as described elsewhere. 58 A silver wire (0.5 mm diameter) was inserted from the top and acted as a combined counter and reference electrode. The T-cell was placed inside an aluminium Faraday cage and connected to a vacuum pump (Edwards ES50). The samples for electrochemistry were prepared by dissolving the required amount of rhenium complex in a minimal amount of DCM and then adding this solution to the ionic liquid (1-hexyl-3-methylimidazolium tris(pentafluoroethyl)trifluorophosphate) in order to obtain a final concentration of the order of 10 mM. The solution was left in an open container to allow the DCM to evaporate. 40 µL of this sample were transferred into the T-cell with the use of a micropipette. Experiments requiring the use of ferrocene followed the above procedure, however 10 µL of a 10 mM solution of ferrocene in acetonitrile was added into the T-cell apparatus along with the ionic liquid containing the rhenium complex. Cyclic voltammetry experiments were performed using a PGSTAT302N potentiostat (Eco-Chemie, Netherlands) interfaced to a PC with GPES (General Purpose Electrochemical System) software. The step potential was fixed at 0.01 V. The potentials are referenced to an internal reference Ferrocene/Ferrocenium redox couple according to IUPAC recommendations, 59 and established in ionic liquids. 49, 60 Scans were performed using a potential window within the range of -1.7 -2.5 V reliant on the compound investigated. Reported oxidation and reduction potentials were obtained from a scan rate of 100 mVs -1 .
Computational calculations. Time dependent density functional theory calculations were performed with GAUSSIAN 09 53 in order to calculate the absorption spectra of all compounds. Prior to these calculations the structures were relaxed at the 6-311g** level of theory. Re atoms were treated with the Stuttgart-Dresden (SDD)
Effective Core Potential 61 and the effect of the solvent was mimicked with the PCM solvation model. 54 The low lying singlet-singlet excitation energies were calculated at the same level of theory and the spectra were reproduced as the superposition of Gaussian functions with heights proportional to the calculated intensities and a variance of solvent system as the eluent to elute the first fraction and a 5:1 toluene/ethanol mixture to elute the second fraction.
The first fraction was collected and identified as unreacted starting material, the second fraction was collected and the solvent was removed to yield a bright yellow solid. direct methods, the structures were refined against F 2 with full-matrix least-squares using the program SHELXL-97. 62 All hydrogen atoms were added at calculated positions and refined by use of a riding model with isotropic displacement parameters based on those of the parent atoms. The crystal structures are depicted in Figures 9-13 where displacement ellipsoids are drawn at the 50% confident level and with hydrogen atoms omitted. modelled as three molecules of dichloromethane, of which one was disordered about a crystallographic inversion center and another disordered over two sites with occupancies constrained to 0.5 after trial refinement.
Supplementary Information
Detailed NMR studies. Bond lengths and angle values for the crystallographically characterized complexes.
Cyclic voltammograms for the mononuclear complexes. Detailed absorption, excitation and emission profiles for all the complexes. TDDFT-simulated absorption profiles, list of electronic transitions and molecular orbital representations for all the complexes. 
